Introduction {#j_jomb-2018-0030_s_001}
============

Effective immunosuppression plays a crucial role in the successful post-transplantation period. Sirolimus, immunosuppressive which inhibits the cellular response to IL-2 and T-cell proliferation, is approved for the prevention of organ rejection in kidney transplant patients ([@j_jomb-2018-0030_ref_001], [@j_jomb-2018-0030_ref_002], [@j_jomb-2018-0030_ref_003], [@j_jomb-2018-0030_ref_004]). Sirolimus is characterized by highly variable absorption and elimination which result in substantial blood concentrations differences among patients receiving the same doses ([@j_jomb-2018-0030_ref_005]). Due to wide intra- and inter-individual pharmacokinetic variability and narrow therapeutic index of sirolimus, therapeutic drug monitoring and dose individualization are necessary ([@j_jomb-2018-0030_ref_001], [@j_jomb-2018-0030_ref_005]). Therefore, TDM and detailed biochemical and clinical monitoring represent the cornerstone of the transplant patients'care. Finding, explaining and quantifying the potential factors of pharmaco kinetic variability in individual patient would make dose individualization more effective. Population approach could enable this.

Numerous sources of pharmacokinetic variability have been recognized in the conventional pharmacokinetic studies of sirolimus ([@j_jomb-2018-0030_ref_008], [@j_jomb-2018-0030_ref_009], [@j_jomb-2018-0030_ref_010], [@j_jomb-2018-0030_ref_011], [@j_jomb-2018-0030_ref_012], [@j_jomb-2018-0030_ref_013], [@j_jomb-2018-0030_ref_014], [@j_jomb-2018-0030_ref_015]). Results of these studies suggest the influence of age, food, hepatic impairment and race on sirolimus pharmacokinetic parameters ([@j_jomb-2018-0030_ref_004], [@j_jomb-2018-0030_ref_008], [@j_jomb-2018-0030_ref_012], [@j_jomb-2018-0030_ref_013], [@j_jomb-2018-0030_ref_014], [@j_jomb-2018-0030_ref_015]). In contrast, only a few population studies have been conducted to assess the pharmacokinetics of sirolimus in kidney transplant patients ([@j_jomb-2018-0030_ref_016], [@j_jomb-2018-0030_ref_017], [@j_jomb-2018-0030_ref_018], [@j_jomb-2018-0030_ref_019]). Those studies quantified the influence of age ([@j_jomb-2018-0030_ref_017]), CYP3A5 polymorphism ([@j_jomb-2018-0030_ref_019]), sirolimus dose, total cholesterol and cyclosporine, silymarin and glycyrrhizin co-therapy on specific pharmacokinetic parameters ([@j_jomb-2018-0030_ref_018]). Aforementioned population pharmacokinetic studies of sirolimus in kidney transplant patients had different designs and sampling schedules. Heretofore, population pharmacokinetic models of sirolimus were based on full population pharmacokinetic sampling design or planned sampling of trough concentrations. To our knowledge, only one model was developed from routine clinical data, however, blood samples in that study were not only trough ([@j_jomb-2018-0030_ref_007]), which is recommended during sirolimus TDM ([@j_jomb-2018-0030_ref_002]). Developing population pharmacokinetic model based on TDM data and routinely monitored biochemical and clinical parameters could be a valuable tool in everyday clinical practice and sirolimus dosing. Therefore, the purpose of our study was to explore, identify factors and quantify their contribution to sirolimus pharmacokinetic variability by developing population pharmacokinetic model using TDM trough data, as well as to validate and investigate the predictability of developed model.

Materials and Methods {#j_jomb-2018-0030_s_002}
=====================

Patients and data collection {#j_jomb-2018-0030_s_002_s_001}
----------------------------

This retrospective study was conducted on all adult kidney transplant recipients from the Nephrology Clinic, Clinical Center of Serbia, treated with sirolimus from March 2012 to December 2013. Patients were informed about the study and agreed to participate. Following patients' data were collected from the medical charts: gender, age, body weight, graft origin, dialysis before transplantation, serum creatinine, hematocrit, hemoglobin, total proteins, cholesterol, triglycerides, alanine aminotransferase, aspartate aminotransferase, alkaline phosphatase levels, sirolimus daily dose and concomitant immuno-suppressive drug doses. Patients were treated with triple immunosuppressive therapy that included sirolimus, mycophenolatemofetil and corticosteroids. According to the local protocol, sirolimus represents the second line post-transplantation immunosuppressive treatment. Hence, all patients in the study were converted to sirolimus from either tacrolimus or cyclosporine. The recommended dose of sirolimus on the first day was 12--20 mg per day with simultaneous discontinuation of calcineurin inhibitor therapy and 4--8 mg per day starting from the second to the fifth day. Subsequent dosing regimens of sirolimus were guided to achieve trough blood concentrations of 8--20 ng/mL together with a clinical evidence of efficacy and safety. Data collected from all patients were used for model developing. Afterwards, we collected data from novel sirolimus-treated patients for model evaluation (external data set).

Blood sampling and bioanalytical assay {#j_jomb-2018-0030_s_002_s_002}
--------------------------------------

All blood samples were obtained as a part of the TDM protocol. Blood samples were collected at the end of the dosing interval, before the morning dose in all patients, thus measured sirolimus concentrations corresponded to trough levels.

Concentrations of sirolimus in whole blood were assessed using Architect Sirolimus assay® (Abbott Laboratories), a chemiluminescentmicroparticle immuno assay ([@j_jomb-2018-0030_ref_020]). Concentrations were measured in line with manufacturer's instructions. According to the package insert, reported measurement range is 2--30 ng/mL. Blood samples exceeding this range were diluted according to the manufacturer's protocol ([@j_jomb-2018-0030_ref_020]).

Compliance with ethical standards {#j_jomb-2018-0030_s_002_s_003}
---------------------------------

Approval for the study was obtained from the Ethics Committee of Clinical Center of Serbia, University of Belgrade (number of decision 2724/4 from 23.02.2012.).

Population pharmacokinetic modeling {#j_jomb-2018-0030_s_002_s_004}
-----------------------------------

Population pharmacokinetic analysis was performed using software NONMEM® (ver. 7.3) ([@j_jomb-2018-0030_ref_021]). Perl-speaks-NONMEM (PsN)® (ver. 4.4.0), Xpose® (ver. 4.5.3), R® (ver. 3.2.1) and Pirana® (ver. 2.9.1) were used as auxiliary software tools for model development, evaluation and graphical presentation ([@j_jomb-2018-0030_ref_022]). The first-order conditional estimation method with interaction was used for parameters estimation. A one-compartment pharmacokinetic model with first-order absorption and elimination (1-COMP) and two-compartment model with first-order absorption and elimination were tested as structural models. Parameters' values not expected to be estimated with satisfied certainty were fixed on literature values or informative priors were used for parameters and their variability. Prior information was incorporated into the models using NONMEM prior functionality ([@j_jomb-2018-0030_ref_021], [@j_jomb-2018-0030_ref_023]). The 1-COMP model was tested with fixed volume of distribution (Vd/F) and absorption rate constant (k~a~) on literature values and with use of priors for these parameters and their variabilities. The 2-COMP model was tested with use of priors for k~a~, central volume of distribution (Vc/F), volume distribution of peripheral compartment (Vp/F), intercompartmental clearance (Q/F) and their variabilities. Informative priors for 1-COMP were used from Jiao et al. ([@j_jomb-2018-0030_ref_017]), while for 2-COMP results of Dansirikul et al. ([@j_jomb-2018-0030_ref_017]) were utilized ([@j_jomb-2018-0030_ref_018]). Since in the study of Jiao et al. ([@j_jomb-2018-0030_ref_017]) k~a~ was fixed, we used the same value for this parameter and its interindividual variability as in 2-COMP. Interindividual variability was evaluated by an exponential model. For residual unexplained variability of sirolimus concentration, the additive, the proportional, and the slope-intercept error models were tested. In the second step, we explored the effects of covariates on sirolimus CL/F interindividual variability. Models used for testing covariates were linear, power and exponential. Tested continuous covariates were WT, AGE, SECR, HCT, TP, CHOL, TRIG, ALP, AST, ALT, MMF and CORT, while laboratory parameters including SECR, CHOL, TRIG and AST were tested as categorical covariates as well. The transformation of continuous covariate data to categorical was done according to the clinical definition of normal versus elevated levels. GEND, GRFT and DIAL were investigated as categorical covariates. Missing covariate data for HCT (1.6%) and TP (7.6%) were treated with multiple imputations of the median values. An imputation method for missing data for CHOL (22.4%), TRIG (22.4%), ALP (12.8%), AST (12%) and ALT (12.4%) was last-observation carried forward (LOCF) ([@j_jomb-2018-0030_ref_024], [@j_jomb-2018-0030_ref_025]). Covariates were introduced sequentially into the population models to develop a full model. In each step of the covariate model building, the covariate with the highest drop in objective function value (OFV), at least 3.84 (*p*\< 0.05), was included in the model. The full model was obtained when the effects of all the remaining covariates were insignificant (OFV \< 3.84). The final model was determined by backward elimination of the insignificant covariates from the full model. The criteria used for retaining a covariate was an increase in OFV of at least 6.63 (*p*\< 0.01). An additional criterion for the retention of a covariate in the model was reduction in unexplained interindividual variability ([@j_jomb-2018-0030_ref_021], [@j_jomb-2018-0030_ref_026]).

Model evaluation {#j_jomb-2018-0030_s_002_s_005}
----------------

The tested structural models were compared by Akaike information criterion and Bayesian information criterion ([@j_jomb-2018-0030_ref_027]). The model with the lowest AIC and BIC value is considered to be superior to others.

The developed model was evaluated with internal and external validation techniques. The accuracy and robustness of the final population model were further assessed by a nonparametric bootstrap of 1000 samples ([@j_jomb-2018-0030_ref_028]). The predictive performance of the final model was additionally assessed by numerical predictive check and prediction- and variability-corrected visual predictive check (pvcVPC) based on 1000 simulations ([@j_jomb-2018-0030_ref_029], [@j_jomb-2018-0030_ref_030]). The developed final model from the original dataset was used to predict sirolimus concentrations for validation group of patients, given their demographic characteristics and dosing history. Statistical analysis was done in IBM SPSS Statistics® (ver. 22). Bias was estimated by calculating the mean prediction error and its 95% confidence interval (CI) ([@j_jomb-2018-0030_ref_031]). The 95% CI including the value of zero was considered unbiased ([@j_jomb-2018-0030_ref_031]). The root mean squared prediction error was used to assess precision ([@j_jomb-2018-0030_ref_031]).

Results {#j_jomb-2018-0030_s_003}
=======

Data for modeling consisted of 250 trough sirolimus concentrations, from 25 patients, collected retrospectively, over a period of one year from the sirolimus treatment initiation. 13 patients who were in the post-modeling period converted to sirolimus ([@j_jomb-2018-0030_ref_001], [@j_jomb-2018-0030_ref_002] measured concentrations per patient) were included in the validation group. Patients' characteristics are presented in *[Table I](#j_jomb-2018-0030_tab_001){ref-type="table"}*. Initially, we evaluated 1-COMP model with fixed parameters values and using priors, as well as 2-COMP model with use of priors.2-COMP model with use of priors is chosen as structural model based on the favorable AIC and BIC values (*[Table II](#j_jomb-2018-0030_tab_002){ref-type="table"}*). The residual variability was best described with slope-intercept error model.

###### 

Patients' demographic, biochemical and immunosuppressive therapy characteristics.

  Characteristic                                Data used in model development   Data used in external validation                      
  --------------------------------------------- -------------------------------- ---------------------------------- ------------------ --------------
  Sex (Male / Female)                           18 (72) / 7 (28)                                                    9 (69) / 4 (31)    
  Graft origin (Living donor / Cadaver)         23 (92) / 2 (8)                                                     11 (85) / 2 (15)   
  Dialysis transplantations before (Yes / No)   21 (84) / 4 (16)                                                    11 (85) / 2 (15)   
  Age (years)                                   43.22 ± 12.62                    16 -- 64                           40.38 ± 10.18      18 -- 59
  Body weight (kg)                              77.07 ± 18.76                    44 -- 128                          74.62 ± 16.71      54 -- 110
  Serum creatinine (μmol/L)                     194.86 ± 60.85                   75 -- 437                          195.09 ± 38.61     129 -- 264
  Haemoglobin (g/L)                             112.75 ± 16.45                   67 -- 155                          117.33 ± 17.88     89 -- 151
  Haematocrit                                   0.33 ± 0.05                      0.18 -- 0.83                       0.34 ± 0.05        0.26 -- 0.43
  Proteinaemia (g/L)                            69.25 ± 6.31                     44 -- 83                           69.71± 7.45        45 -- 79
  Total cholesterol (mmol/L)                    6.15 ± 1.22                      2.62 -- 9.45                       6.76 ± 1.1         5.13 -- 8.98
  Triglycerides (mmol/L)                        2.55 ±1.09                       0.73 -- 6.64                       2.53 ± 1.39        1.35 -- 7.67
  Alkaline phosphatase (IU/L)                   74.94 ± 32.37                    30 -- 226                          79.09 ± 34.08      32 -- 178
  Aspartate aminotransferase (IU/L)             28.34 ± 28.78                    9 -- 274                           22.09 ± 13.42      10 -- 74
  Alanine aminotransferase (IU/L)               31.17 ± 29.54                    7 -- 226                           26.24 ± 16.19      6 -- 81
  Dose (mg/day)                                 3.6 ± 2.36                       0.5 -- 15                          4.26 ± 3.62        1 -- 14
  Sirolimus Trough concentration (ng/mL)        9.85 ± 4.81                      0.5 -- 38.4                        8.69 ± 2.64        4.9 -- 16
  Mycophenolatemofetil dose (mg/day)            1104 ± 439.84                    0 -- 2000                          1250 ± 454.15      0 -- 2000
  Corticosteroids dose (mg/day)                 10.74 ± 6.5                      0 -- 50                            8.45 ± 3.49        0 -- 15

SD -- standard deviation.

###### 

Characteristics of tested structural models.

  Model                                        OFV     AIC     BIC     Comment
  -------------------------------------------- ------- ------- ------- ---------------------------------
  1-compartment with fixed parameters values   933.4   945.8   966.6   
  1-compartment with prior parameters values   903.8   919.8   947.9   Zero gradients were encountered
  2-compartment with prior parameters values   384.0   408.0   450.3   

OFV -- objective function value; AIC --Akaike information criterion; BIC -- Bayesian information criterion.

The most significant decrease in OFV, in a forward model building step, produced the inclusion of AST as categorical covariate. Preliminary analysis of covariate correlation showed significant correlation among AST, ALT, ALP (0.605 \< r \<0.805). To avoid the collinearity, and taking into account that AST produced more significant decrease in OFV compared to

ALT and ALP, this covariate was selected for further model development. In the next forward step, age was included in the model. Further inclusion of other covariates did not produce significant decrease in OFV. In the backward elimination step both covariates, age and AST greater than 37 IU/L, were retained in the model. Details of covariate significance during model building process are given in *[Table III](#j_jomb-2018-0030_tab_003){ref-type="table"}*. The final model for sirolimus CL/F is described by the following equation:

###### 

Model building process.

                  Covariate (tested model)   OFV                 ΔOFV ^a,b^   
  --------------- -------------------------- ------------------- ------------ ------
  Base model      384.0                                                       
  Forward step    1                          AST (categorical)   353.3        30.7
  AST (linear)    378.4                      5.6                              
  AST (power)     377.7                      6.3                              
  AGE (linear)    373.8                      10.2                             
  MMF (linear)    377.6                      6.4                              
  Submodel 1      AST (categorical)          353.3                            
  2               AGE (linear)               346.7               6.6          
  Full model      346.7                                                       
  Backward step   Without AST                373.8               27.1         
  Without AGE     353.3                      6.6                              

\- ΔOFV for forward model was calculated compared to OFV of the previous submodel; ^b^- ΔOFV for backward step was calculated compared to OFV of the full model; OFV, objective function value; MMF, mycophenolate mofetil dose; AST, aspartate aminotransferase.
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where AST is 0 if AST is less or equal to 37 IU/L, or 1 if AST is greater than 37 IU/L.

According to the diagnostic plot CWRES vs. PRED (*[Figure 1](#j_jomb-2018-0030_fig_001){ref-type="fig"}*) developed model seems adequate. The final population model parameters estimates and standard errors of the estimates (SE) are presented in *[table IV](#j_jomb-2018-0030_tab_004){ref-type="table"}*. The bootstrap parameters estimates, based on 995 successful runs out of 1000 scheduled, were not statistically different from the estimates previously obtained with the original dataset.

![Diagnostic plot conditional weighted residuals (CWRES) versus population predictions (PRED) for the final model.](jomb-38-323-g001){#j_jomb-2018-0030_fig_001}

###### 

Parameters estimates and bootstrap results for the final model.

  Parameter          Final Model   Bootstrap              
  ------------------ ------------- ------------- -------- -------------------
  Q/F (L/h)          5.07          2.48          5.55     2.43 -- 23.4
  Vc/F (L)           118           2.54          117      112 -- 121
  Vp/F (L)           609           38.7          608      530 -- 673
  ka (1/h)           2.19          4.79·10^-5^   2.19     2.19 -- 2.19
  CL/F (L/h)         12.2          2.54          12.5     8.54 -- 21.2
  AST \>37 IU/L^a^   0.630         0.0548        0.626    0.550 -- 2.12
  AGE^a^             -0.388        0.117         -0.386   -0.551 -- -0.0277
  Wa (ng/mL)^b^      1.93          0.263         1.92     0.316 -- 2.38
  Wp^b^              0.249         0.032         0.251    0.161 -- 0.316
  ω^2^ Q/F^c^        0.103         4.79·10^-4^   0.103    0.102 -- 0.104
  ω^2^ Vc/F^c^       0.306         0.00271       0.306    0.301 -- 0.316
  ω^2^ Vp/F^c^       0.0657        2.82·10^-4^   0.0656   0.0650 -- 0.0669
  ω^2^ ka^c^         0.145         1.28·10^-6^   0.145    0.144 -- 0.144
  ω^2^CL/F^c^        0.0547        0.0177        0.0549   0.0171 -- 0.114

-fixed effects for the relationship between CL/F and covariates; ^b^- residual variability (Wa -- additive error, Wp -- proportional error); ^c^-variance for parameters; Q/F, apparent intercompartmental clearance; Vc/F, apparent volume distribution of central compartment; Vp/F, apparent volume distribution of peripheral compartment; k~a~, absorption rate constant; CL/F, apparent clearance; SE, standard error; CI, confidence interval.

The predictive performance was satisfactory according to both internal validation techniques (*[Figures 2](#j_jomb-2018-0030_fig_002){ref-type="fig"}* and *[3](#j_jomb-2018-0030_fig_003){ref-type="fig"}*).

![Numerical predictive check of the final population model for sirolimus. Circles present lower and upper limits of prediction intervals (%) observed in the data. Dashed lines indicate 95% CIs of the lower and upper limits of simulation-based prediction intervals (%).](jomb-38-323-g002){#j_jomb-2018-0030_fig_002}

![Prediction- and variability-corrected visual predictive check (pvcVPC), prediction- and variability-corrected concentrations (ng/mL) versus time (h) for the final model. Solid and dashed lines represent the median, 5^th^ and 95^th^ percentiles of the observed data with shaded confidence intervals of the prediction intervals for the simulated prediction intervals.](jomb-38-323-g003){#j_jomb-2018-0030_fig_003}

Estimated MPE was -1.77. 95%CI for MPE (-3.81 -- 0.25) included zero so model could be considered as unbiased. As RMSPE decreases, the precision of the model increases. With RMSPE (95% CI) of 4.71 (2.71 -- 6.08) precision of this developed model is satisfactory.

Discussion {#j_jomb-2018-0030_s_004}
==========

This study represents the population pharmacokinetic analysis of sirolimus in adult kidney transplant patients. All observations included in our study were obtained during routine TDM process, and they were measured before the next dose in steady-state. To our knowledge, this is the first study using only routine monitored data. The similar design was in the study by Dansirikul et al. but sampling times were in range of 1.6 -- 77 h post-dose ([@j_jomb-2018-0030_ref_017]). The concentration-time data were the best described with the 2-COMP model with the use of informative priors. Steady-state through concentrations are rather uninformative, and they permit only estimation of CL/F based on 1-COMP model. However, sirolimus pharmacokinetic profile is better described by 2-COMP model ([@j_jomb-2018-0030_ref_005], [@j_jomb-2018-0030_ref_016], [@j_jomb-2018-0030_ref_019]). Nevertheless, applying more complex pharmacokinetic model to fit sirolimus concentration-time data was more appropriate for data analysis in our study (*[Table II](#j_jomb-2018-0030_tab_002){ref-type="table"}*). The use of informative priors, through method based on and similar to Bayesian approach, was shown as superior way of incorporating external information compared to fixing parameters to single values. Similar results in choosing structural model, but using Bayesian approach, was previously reported by Dansirikul et al ([@j_jomb-2018-0030_ref_017]).

The change in value of k~a~ was not observed, which was expected for sparse data, not containing any information about absorption. Some changes in posterior medians and tightening of posterior distribution were observed for parameters of distribution. The prior medians of Vc/F, Vp/F and Q/F (95% CI) were 117 (99.4 -- 138) L, 583 (459 -- 736) L and 20.4 (13.1 -- 32.4) L/h, compared to posterior values of 118 (113.0 -- 122.9) L, 609 (533 -- 685) L and 5.07 (0.209 -- 9.93) L/h, respectively. This proposes that although data were sparse, obtained during routine TDM, they were informative for distribution parameters. Nevertheless, we were interested in the evaluation of CL/F and explanation of its variability due to its importance in dose individualization.

The typical CL/F value in our model was estimated at 12.2 L/h, which is consistent with previous findings ([@j_jomb-2018-0030_ref_017], [@j_jomb-2018-0030_ref_018]). Our results showed that sirolimus CL/F de pends on age and liver function. Inclusion of these covariates described about 14% of inter-individual variability.

Previous results have shown that total cholesterol and sirolimus doseaffected sirolimus CL/F ([@j_jomb-2018-0030_ref_018]). In the study of Jiao et al. CL/F decreased significantly with increasing total cholesterol level ([@j_jomb-2018-0030_ref_018]). Due to small inherent differences in the included population (*[Table I](#j_jomb-2018-0030_tab_001){ref-type="table"}*), we did not detect these covariates as significant in our study. Nevertheless, the nonlinear relation between sirolimus CL/F and dose is the most likely due to TDM effect as explained by Ahn et al ([@j_jomb-2018-0030_ref_018], [@j_jomb-2018-0030_ref_032]). During the TDM process, the correlation between dose and CL/F occurs because doses are adjusted to obtain concentrations in the desired therapeutic range, so it is not recommended to model CL/F as a function of dose when data are obtained from TDM, as is the case in our study ([@j_jomb-2018-0030_ref_032]).

According to our final model, sirolimus CL/F decreases with age which complies with the previously published work ([@j_jomb-2018-0030_ref_017]). In our population 24% of patients were younger than 30 years and 32% were 50 years and older, so age distribution was adequate for its influence analysis. Change in CL/F between the youngest (16 years) and the oldest patient (64 years) included in this study was approximately 49%.This, quite significant influence of age could be partly attributed to the well-known decline in a number of physiological processes with age. Therefore, further researches are necessary for confirmation and explanation of this influence.

Our final model suggested the negative relation between CL/F and liver function, expressed as AST above upper margin of 37 IU/L. As sirolimus is a highly metabolized drug, this relationship is expected, and it is consistent with the results of previously published studies ([@j_jomb-2018-0030_ref_013], [@j_jomb-2018-0030_ref_014]). Unlike kidney function, where biochemical parameter exists and adequately describes renal impairment, and at the same time correlates with drugs elimination capacity, appropriate marker for hepatic function is not well-established ([@j_jomb-2018-0030_ref_033]). During the model building process, our preliminary results indicated significant correlation among AST, ALT and ALP, but according to the highest drop in OFV, AST showed the most significant influence on sirolimus CL/F. The enzyme AST is frequently used in population pharmacokinetic models ([@j_jomb-2018-0030_ref_034], [@j_jomb-2018-0030_ref_035], [@j_jomb-2018-0030_ref_036]), representing a quantitative parameter of liver function, and covariate for drug's liver clearing. AST was included in the final model as categorical covariate (reference versus elevated values). According to our model, sirolimus CL/F decreased in average by 37% in kidney transplant patients with compromised liver function. In the study by Zimmerman et al. sirolimus CL/F was significantly decreased in subjects with mild and moderate hepatic impairment by 31.8% and 36.0%, respectively, compared with controls consisting of healthy subjects ([@j_jomb-2018-0030_ref_013]). According to sirolimus Summary of Product Characteristics, in mild and moderate hepatically impaired patients (based on Child-Pugh classification), CL/F decreases 33% compared to healthy adult subjects ([@j_jomb-2018-0030_ref_002]). To our knowledge, this is the first population pharmacokinetic study using nonlinear mixed effects modeling which described and quantified the influence of liver function enzyme on sirolimus elimination in kidney transplant patients. Our results showed that AST, a routinely monitored liver enzyme, could be used in predicting the highly metabolized drug's elimination capacity. Results of our study suggest that patients with compromised liver function, expressed by elevated AST values, require careful sirolimus monitoring and accordingly dosing adjustments.

The scatter plots of CWRES vs. population predicted concentration (*[Figure 1](#j_jomb-2018-0030_fig_001){ref-type="fig"}*) showed that the CWRES were mostly randomly distributed and lay within ± 3 units of the null ordinate. The predictive performance of the model was assessed by internal and external validation techniques. NPC and pvcVPC showed the good predictive performance of the model (*[Figures 2](#j_jomb-2018-0030_fig_002){ref-type="fig"}* and *[3](#j_jomb-2018-0030_fig_003){ref-type="fig"}*). The mean parameter estimations obtained with bootstrap samples were not statistically different from those obtained with the original dataset (*[Table IV](#j_jomb-2018-0030_tab_004){ref-type="table"}*) indicating accuracy and robustness of the final population model. External validation also confirmed unbiased and precise prediction of sirolimus concentrations. This study is the first one that externally confirmed the possibility of using informative priors in developing population pharmacokinetic model of sirolimus with satisfactory predictive performances.

In this study, a rather small number of patients were included, as sirolimus represents the second line drug according to the local immunosuppressive protocol. This was retrospective study, and all data were obtained during TDM, hence we analyzed multiple trough concentrations. Regardless the aforementioned limitations of the nature of data, accurate estimation and efficient covariate detection, as well as quantification of covariates' influences on sirolimus CL/F could be achieved. This study reveals that TDM sparse data could be enough informative for the development of quite a complex model. Hence, our study results support the feasibility to estimate sirolimus individual pharmacokinetic parameters from such study design while integrating the prior information. The part of the variability in sirolimus CL/F is explained with demographic and routinely monitored parameters. Remaining variability in our model could be attributed to pharmacogenetic data. Djebli at al. found a significant influence of the CYP3A5\*1/\*3 polymorphism on sirolimus CL/F ([@j_jomb-2018-0030_ref_019]), so it would be valuable, during further work, to assess the impact of genetic polymorphism in our population. However, pharmacogenetic analyses have not been yet part of routine monitoring in transplant centers so the inclusion of this covariate could reduce usefulness and possibility of model application in everyday clinical practice.

We demonstrated feasibility to explain partial of pharmacokinetic variability and to estimate sirolimus individual pharmacokinetic parameters using the population pharmacokinetic model based on sparse TDM data, with the use of routinely measured biochemical and clinical parameters as covariates. Proven good predictive performance makes this model a useful tool in individualization of the sirolimus dosing regimen in adult kidney transplant patients during routine clinical practice.
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1-COMP

:   one compartmental model

2-COMP

:   two compartmental model

AIC

:   Akaike information criterion

ALP

:   alkaline phosphatase

ALT

:   alanine aminotransferase

AST

:   aspartate aminotransferase

BIC

:   Bayesian information criterion

CHOL

:   cholesterol

CI

:   confidence interval

CL/F

:   apparent clearance

CORT

:   corticosteroids

CWRES

:   conditional weighted residuals

DIAL

:   dialysis before transplantation

GEND

:   gender

GRFT

:   graft origin

HCT

:   hematocrit

HGB

:   hemoglobin

k~a~

:   absorption rate constant

MMF

:   mycophenolatemofetil

MPE

:   mean prediction error

NPC

:   numerical predictive check

OFV

:   objective function value

PRED

:   population predictions

pvcVPC

:   prediction- and variability-corrected visual predictive check

Q/F

:   apparent intercompartmental clearance

RMSPE

:   root mean squared prediction error

SD

:   standard deviation

SE

:   standard error

SECR

:   serum creatinine

TDM

:   therapeutic drug monitoring

TP

:   total proteins

TRIG

:   triglycerides

Vc/F

:   apparent central volume of distribution

Vd/F

:   apparent volume of distribution

Vp/F

:   apparent volume distribution of peripheral compartment

Wa

:   additive error

Wp

:   proportional error

WT

:   body weight

ω^2^

:   variance
